Using a DNA microarray, we found that expression of the genes related to lactate metabolism was upregulated in a lactate-producing recombinant Saccharomyces cerevisiae strain. Disruption of the CYB2 gene encoding L-lactate dehydrogenase improved the L-lactate production by S. cerevisiae under low pH condition.
Genome-wide gene expression analysis is considered useful in the identification of target genes for molecular breeding to confer useful phenotypes and to improve the production of target products, [1] [2] [3] but systematic methodologies have not yet been developed to identify the genes related to the production of target metabolites or to confer useful phenotypes on the target microorganisms. Genome-wide analyses data are thought to be powerful in the molecular breeding of useful microorganisms.
Lactate is a raw material in the production of biodegradable polymer, polylactate, and lactate production from biomass resources using microorganisms has received much attention in view of carbon neutral and fossil fuel depletion. Lactate production using the yeast Saccharomyces cerevisiae has been reported. [4] [5] [6] [7] In the case of lactate production using yeast, introduction of the genes encoding the proteins that contribute to lactate production, such as lactate dehydrogenase converting pyruvate to lactate, is necessary due to low lactate productivity. During lactate production using microorganisms, since the pH of the culture decreases, some alkaline reagents must be added to the culture medium to countering the decrease in pH, but the lactate produced is converted to a salt that cannot easily be purified from the culture broth. Therefore, microorganisms exhibiting high activities of growth and substrate consumption under acidic condition, such as S. cerevisiae are highly desired. Moreover, by using S. cerevisiae in lactate production, high optical purity of the lactate can be achieved. Hence, S. cerevisiae is considered to be useful as a host in lactate production. However, at present, the cost of lactate production by chemical synthesis is lower than that of lactate production by microbial fermentation due to low productivity. Hence, improvement of lactate production using S. cerevisiae is highly desirable. We have tried to identify the target genes for molecular breeding of the recombinant S. cerevisiae strain carrying the human lactate dehydrogenase gene cDNA to improve its lactate productivity, using DNA microarray data.
We compared the whole gene expression data of the L-lactate-producing strain S. cerevisiae SW029-1B (MATa ura3-52 lys2-801 ade2-101 trp1Á63 his3Á200 leu2Á1Ápdc1::TRP1) 8) carrying pTRS48 harboring human L-lactate dehydrogenase cDNA, 9) strain no. 48, with that of SW029-1B carrying pTRS11 empty vector, 8, 9) strain no. 11, using a DNA microarray 3D-Gene yeast oligo chip 6k (Toray Industries, Tokyo). In the strain no. 48, the human L-lactate dehydrogenase gene on pTRS48 is expressed from the S. cerevisiae glyceraldehyde-3-phosphate dehydrogenase gene promoter. In addition, both pTRS11 and pTRS48 carry the S. cerevisiae URA3 gene as a selection marker for yeast. Yeast strains were microaerobically cultivated with slow agitation in synthetic complete minus uracil (SC-Ura) medium consisting of 0.67% yeast nitrogen base without amino acids (Difco Laboratories, Detroit, MI), 0.192% yeast synthetic drop-out without uracil (Sigma-Aldrich, St. Louis, MO), 0.012% adenine sulfate, and 5% glucose at 30 C. During cultivation, the pH in the culture was maintained by automatic addition of 2 M NaOH, using * Present address: Niigata Research Laboratory, Mitsubishi Gas Chemical Company, Inc., 182 Tayuhama, Shinwari, Niigata-shi, Niigata 950-3112, Japan y To whom correspondence should be addressed. Tel/Fax: +81-6-6879-7446; E-mail: shimizu@ist.osaka-u.ac.jp an autoclavable pH probe (Fermprobe F-635; BroadleyJames Corporation, Irvine, CA) and a pH controller DT-1023 (Able, Tokyo). As shown in Fig. 1 , strain no. 48 produced about 15 g/l of L-lactate from 50 g/l of glucose consumed at pH 5.0, but the glucose consumption in strain no. 48 was slower than that in strain no. 11 due to the lower growth rate in the no. 48. Sixteen h after starting cultivation, when L-lactate was highly produced in strain no. 48, cells of the no. 48 and no. 11 strains were harvested by centrifugation, and total RNA was isolated and purified from the harvested cells by the method reported by Hirasawa et al.
3) All DNA microarray experiment procedures were performed according to the manufacturer's protocols. The ratio of expression in no. 48 to that in no. 11 was calculated for each gene, following normalization of the DNA microarray data by the Lowess method. 10) Repetitive DNA microarray experiments using the same total RNA samples revealed that the genes showing an expression ratio of more than two or less than half were identified as significantly changed genes (data not shown).
Among 5,783 genes whose expression was observed by DNA microarray, 670 genes showed expression ratios of more than 2. Moreover, 12 genes of 670 genes showed expression ratios of more than 10 (data not shown). Based on the DNA microarray data, we found that expression of the genes related to lactate metabolism, such as DLD1 and CYB2, encoding D-lactate dehydrogenase and L-lactate dehydrogenase 11, 12) respectively, were highly upregulated (expression ratios of more than 10), as compared with those in strain no. 11 (Table 1) . However, expression of the JEN1 gene encoding the protein related to lactate transport 13) did not significantly change (Table 1) . Since the CYB2 gene product is responsible for L-lactate assimilation, we expected that disruption of the CYB2 gene would improve L-lactate production in strain no. 48.
We disrupted the CYB2 gene of strain no. 48 with the HIS3 marker gene using a disruption method reported by Güldener et al. 14) First we constructed a plasmid that can be used as a template in amplification of the HIS3 marker cassette. The DNA fragment including the HIS3 gene was amplified by polymerase chain reaction (PCR) from the genomic DNA of S. cerevisiae S288c (MAT SUC2 mal mel gal2 CUP1) as a template using Z-Taq polymerase (Takara Bio, Shiga) and a set of primers, 5 0 -TCTAGATCTTGGCCTCCTCTAGTACACTCTA-3 0 and 5 0 -GAGCTCTGCATTACCTTGTCATCTTCAG-3 0 . The resulting HIS3 fragment, cloned on the pGEM-T easy vector (Promega, Madison, WI), was digested with XbaI and SacI and then ligated with pUG6 14) digested with the same restriction enzymes. The ligation mixture was introduced into Escherichia coli JM109 [recA1 endA1 gyrA96 thi hsdR17 supE44 relA1Á(lac-proAB)/ F 0 (traD36 proAB þ lacI q lacZÁM15)], and the resulting plasmid, named pUG6-HIS3, was isolated from the transformants selected at 37 C on Luria-Bertani medium consisting of 1% Bacto tryptone, 0.5% Bacto yeast extract, and 1% NaCl (pH 7.0), supplemented 50 mg/ml of ampicillin.
In CYB2 disruption, the HIS3 marker cassette with upstream and downstream flanking regions of CYB2 open reading frame was amplified by PCR using pUG6-HIS3 as a template and a set of primers, 5 0 -ATAC-AGTTCCCGCATAGAGAAGAAAGCAAACAAAAG-TAGTCAATGAGCTGAAGCTTCGTACGC-3 0 and 5 0 - , and L-lactate production (C) in strains no. 11 (circles) and no. 48 (triangles) were measured. Cell growth was monitored by measurement of the optical density of culture at 660 nm (OD 660 ) using a spectrophotometer UVmini-1240 (Shimadzu, Kyoto). For measurements of glucose and L-lactate, the culture supernatant of each culture obtained by centrifugation of the culture broth was used. A biochemistry analyzer (model 2700; YSI, Yellow Springs, OH) and an F-kit L-lactate (R-Biopharm AG, Darmstadt, Germany) were used in measurements of glucose and L-lactate, respectively. TAAATAAAAAGTTTTTAAAGTAGCCTTAAAGCT-AGGCTATAATCACATAGGCCACTAGTGGATCTG-3 0 . The amplified PCR fragment was directly introduced into the no. 48 strain by the lithium acetate method, 15) and the transformants were selected on synthetic defined medium consisting of 0.67% yeast nitrogen base without amino acids and 2% glucose, supplemented with 0.012% adenine, 0.1% lysine, and 0.1% leucine. Disruption of the CYB2 gene in no. 48 was confirmed by PCR using a set of primers, 5
0 -GCGGTGGTAGATCTTTCGAACA-GGC-3 0 annealing to the internal region of the HIS3 gene and 5 0 -TTCTCTGAACAGCACAATGTCCTCG-3 0 annealing to the downstream region of the open reading frame of CYB2.
As shown in Table 2 , however, the CYB2 disruption was not effective in the improvement of L-lactate production in the no. 48 at pH 5.0; L-lactate production in the CYB2-disrupted no. 48 strain was similar to that in the original no. 48 strain. Since the pK a of lactate is 3.86, more than 90% of the lactate molecules secreted into the culture medium are dissociated into lactate ions at pH 5.0, and the dissociated lactate ions cannot permeate through the membrane. In contrast, at low pH levels of less than pK a , most lactate molecules are not dissociated. For example, at pH 3.5, approximately 70% of lactate molecules are not dissociated. Since the non-dissociated form of lactate molecule can permeate through the cell membrane, lactate molecules can enter the cells, and can be assimilated by the CYB2 gene product. Hence, we examined L-lactate production of the CYB2-disrupted no. 48 strain at pH 3.5. As shown in Table 2 , L-lactate production of the CYB2-disrupted no. 48 strain was 1.5 times higher than that of the original no. 48 strain at pH 3.5, but it was different from the pH of the culture (pH 5.0) for DNA microarray analysis of strains no. 11 and no. 48. Our results suggest that disruption of the CYB2 gene is effective in improvement of L-lactate production under low pH condition, and that the CYB2-disrupted no. 48 strain might be a candidate strain for efficient production of L-lactate at low pH. The average and standard deviation of L-lactate productions and yields in three independent culture experiments using SC-Ura medium are shown. The production yield was calculated by
Yield (%) = [L-Lactate production (g/l)/Glucose consumption (g/l)] Â 100.
The differences in L-lactate production and yields between strain no. 48 and its CYB2 disruptant at pH 3.5 were statistically significant (t-test, p < 0:01).
Growth and glucose consumption in the CYB2-disrupted no. 48 strain were similar to those in the original no. 48 strain at pH levels of 5.0 and 3.5 (data not shown).
